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ABSTRACT

A series o" aromatic polyesters based on either poly(chloro-p-phenylene

terephtha'.:te) or poly (methyl-p-phenylene terephthalate) modified by incor-

poration of various amounts of bisphenols of different structures were pre-

pared and their thermotropic liquid crystal properties were studied by several

methods including: (i) visual observation of stir-opalescence of th2 pol e r

m e lts ,(2 ) e x am in a t i on o f m e l t b ire f r i n ce r c e o n a pc la :-izi n m cr o s c p,

(3) stu d4l s of small angle lig ht scatzerin c charac teristics , and (4) cha "c-

terization ly wide angle x-ray diffraction. It was ,ou,,d that the steric effects

of non-linear bls-henol modifiers were the most important f .ctor's in control linq

the i i id crystallinity of the resulting copo iyesters.
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I NTRODUCTICtO'

One of the most interesti.ng recent deecr~-sin polyv-er chemistry

is the observation of liquid crystallinit,/ in aromatic polyesters and

polyamides. For the aromatic polyirlides. I i,'uidCrtiliy is observed

in solutions of the polymers in specifi. solvient: cnn can :)e referred to

as a lyotropic behavior .In ccntras:, tre arnmtc oystr sc.

thermotropic behavior because liquid Cytlityocc, rs in tne me ,t

within a specific tem~perature range .In both casLes the 1 iquid cr-

stallinity is of zhe nrmatic type, inja~n 1. a 1~. Qo-lk .cym

chains exi st in an approxi;:!a'tei-y para' Ilel array " u" Ic lined '; -C.4j

end. That is, there is a two-dimen S4onal buit not a three-din;ensicral

corder in the liquid crystalline phase and the placc-.ent of the mesccenic

unit occurs randomly within the parallel array of Molecules within tlhis

phase.

These types of polymers offer great potential in the combina ttcr

of ease of processability with superior -Echanical properties of sti-encth

and stiffness. However, very little information has been reported in zhe

literature )rj the relationship betw~een polj,,ret struictore and )rorperties

in such systems. Toward this end, a systematic investicotion 4s being,

carried out 'n this laboratory on the effect oil variatons in composition

of aromati.c copolyesters on their liquid crystalline behavior and on their

resulting rheological and mechianical propertie2s. The spt±cific systea' s

to be discussed in this report are based on copolyesters of either chlo-

rohydroquinone, CHQ, or methyihydroquinone, >1HQ, with terephthalic acid,

TPA, both of which are knowin to form neia tic mel ts 7 . The copolymers

studied contained a series of bisphenols which were selected to determine

the effect of copolymer structure and composition on the thermotropic
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behavior The bisphenols examined for this FUrpc3e hid the following

general molecular structure:

X Symbol Trivial Name

(none) BP biphenol

C(CH 3)2  BPA bisphenol A

CH2  BPM bisphenol methane

0 OOP oxydiphencl

S TDP thiodiphenol

SO2  SDP sulfonyldipikenol

CO DPB dihydroxybenzoPhenone

HO GOH
0 RES resorcinol

As shown in the table, resorcinol was also included in addition to the

parasubstituted bisphenols. Some preliminary results of the present study

9have already been described

RESULTS AND DISCUSSION

Snthesis and General Properties of Poly(chloro-p-phenylene tercphthaiate)

and Copolyesters Containing Bisphenol Units.

A series of aromatic copolyesters having chloro-p-prenylene terephthalate

(I,R = Cl) and various bisphenol terephthalate (II) as described above

were synthesized in a range of cononomer compositions varying, in general,

from 10 to 70 mole % of the bisphenol in 10 or 15 mole % increments, see

Tables 2-8. The overall range of compositions for each bisphenol is sum-

marized in Table 1.
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In general polymer yields were high and the copolymer compositions

were essentially the sa;,e as the monomer compositions as shown in Tables 2

through 3. All of the polyesters in Tables 1-8 were insoluble in the

reaction r,,iedium.precipitated out as they were formed during polymerization

before ,;2ching hich mol-zular weights. As a result, their molecular

weights were not expected to be very high, and this expectation is reflected
by the relatively low SoILtion viscosity/ numbersobtaned fcr all samples.

Poly (chloro-p-phenylene terephthalate), t',e homopolvmer from chlorohydro-

quinone and terephthalic acid of Table 2, which had an inherent viscosity

as measured in tri~luorcretha esulfonic acid of 0.382, could not be charac-

terized for molecular weight by light scattering methods so it must have

had a molecular weight well below 10,000, but no absolute value is as

yet available.

The melting points of the copolymers as determ, ned by DSC were
ihose o{

usually much less well aeined than the ho:"ooolv'rers with broad and small

melting endotherms, especially for the compositions containing from 40 to

60 mole % of the bisphenol comonomers. This result is understandable be-

cause these copolyesters would be expected to either have low degrees of

crystallinity or to be completely amorphous. The exceptions were the

CHQ/TDP copolymers of Table 5 which showed sharp and well defined melting

behaviors 'by DSC analysis even in this composition range. The melting

point of 340 0C reported in Table 2 for the CHQ homopolymer may be

depressed because the polymer was apparently of quite low molecular weight.
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This polymer showed a very broad and shallow endotherm extending from

about 360 0C to the upper limit for the DSC analysis of 4000C which

is presumably associated with the transition from the liquid crystal

state to the isotropic melt; that is, with the clearing temperature.

Copolymerization with small amounts of the bisphenol monomers initially

depressed the melting points as expected, but at higher compositions thv

melting points either increased or continued to decrease depending on the

type of comonomer. In the range of compositional variations of the present

study, the CHQ/BP and CHQ/ODP copolyesters were examples of the

former type of copolymers while the CHQ/BPM copolymers were of the la:ter

type. All the melting temperatures reported in the table were obtained

on unannealed samples of the as-prepared polymers.

All copolymers containing 85 imole% or more of the chlorohydroquinone

units and all of the CHQ/BP copolymers of Table 7 were soluble at room tem-

perature in trifluoromethanesulfonic acid, and all of those containing lower

amounts of chlorohydroquinone units were soluble in p-chlorophenol. The

polymer soiutions in trifuluoromethanesulfonic acid had colors ranging from

light green to brown and the colors deepened with time. Because of the ex-

10
tremely high acidity of this acid , it is likely that protonation and even

degradation could be responsible for these colored solutions. The solution

viscosities of the BP copolymers of Table 7 were much lower than those

of the other copolyesters. In most cases, because of slow rates of dis-

solution, at least 20 hours of contact time between the solvent and the

polymer was required before viscosity measurements could be made and, in

these strong acid solvents,hydrolytic degradation of the polymers could have

occurred to lower their molecular weights.

-- o
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Synthesis and General Propertiesof.Comoesters Derived from Methyhydroquinore

and Bis&en s.

A second series of copolyesters were prepared -ased on methylhydro-

quinone (MHQ, R = CH3 in I) instead of chlorohydroquirone with the results

shown in Tables 9 and 10. Poly Imethyl-p-phenylene :erephthalate) had a

higher melting point, 371 0C,than that of the chlo,-ohyrcuinore polymer, 340'C.

As can be seen from the data in Tabie 9, the c olyrierization of MHQ with

BPA (for example, note the copolymer of 35/i5 mole ratio) diJ rot depress

the melting temperature of the polyester even though the derjree of crystal'ini-

ty was apprarently drastcically reduced. however, the homolymer me 1 ng

point may well have been abnormally low oecause the melecar ,..eitht of this

polymer was apparently quite low. Unlike al" other cczclyesoers investicatec

in this study, at the 7P/30 mole ratio, the >,HQ ccpoiyesters witn BPA 3id

not show a melting endother and it appeared that the crystallinity -ias con-

pletely destroyed. These copolyesters showed better solubility than CHQ

copolymers and could be dissolved in a 60 phenol/40, tetrachiorethane (.'

mixture as well dS in p-chlorophenol. The copolymer nrepared from an equimolar

mixture of ".1HQ and BPA was fairly soluble even in tetrachlorethine at rocm

temperature.

A series of copolyesters was prepared from ecu imol ar amounts of 4!H14 with

most of the bisphenols investigated in the series of CHQ copolyesters .ith

the results summarized in Table 10. In this series, polymer yields were hich,

ranging 88 to 98.5%, and the inherent viscosity numbers were in the range of

0.4 to 0.67. The melting endotherms observed on the DSC thermograms were

rather broad for all of these copolymers with the exception of those from DEP

and from TDP. In this series BPM seemed to be most effective in lowering

the melting points of the resulting copolyesters. This result can probably

be attributed to the combination of the low polarity and the flexible nature

of tne methylene substituent between the two phenolic rings. The 50/50 EPA
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copolymer did not show a meltino endotherm in the DSC thermogram, while

the 50/50 BP copolymer of Table 10 showed an extremely broad mel ting1

endotherm, and the melting point of this copolymer could not be properly defined.

All of the copolymers in Table 10, except the BP copolyester, were

completely soluble in p-chlorophenol, but they were only partially soluble

in the 60/40 phenol/tetrachlorethane mixture. The BP copolymer was soluble

in trifluoromethanesulfonic acid.

Anisotrop c Liquid Crystal Polymer Melts.

Thermotropic liquid crystalline phases have turbid melts and exhibit

anisotropic properties such as birefringence and light scattering 1-A

particular characteristic is the observation of stir-opalscence of these

anisotropic melts. The polyesters prepared in this investigation were e,,amir ed

visually for the occurrence of stir-opalescence in the melts.

From observations on stir-opalescence of polymer melts, attempts were

made to qualitatively describe the intensity for each copolymer compositC;cn

as reported in the tables. With the exception of the BP copolymers, all of

the copolyesters showed a gradual reduction in the intensity of stir-opales-

cence as the content of the bisphenol comonomer was increased. Copolymeri-

zation with all of these bisphenois 7arkedly decr eased the abilities of :he

polymers to form into anisotropic liquid crystal states. Another important

observation made was thdt some of the poliymers, for exaple the 60 CHD40 RES

and 40 CHQ/60 RES copolyesters in Table 8, the 70 MHQ/30 BPA copolyester in

Table 9, and the 50 MHQ/50 BP copolyester in Table 10, all of which showed

essentially no crystalline melting transitions or DSC and presumably are

mainly amorphous in nature, exhibited stir-opalescence. This observation

indicated that even apparently amorphous linear polyesters can form liquid

crystal states above their glass transition temperatures if the structure of

the polymers favors the parallel alignment of the polymer chains in the melt.

The liquid crystal states of these polyesters could easily be quenched and

supercooled to room temperature.
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Ringsdorf and coworkers r cent'1y observed a s /T;i ar phenomeno, f or

liquid crystalline polymers ha'iing pnlysiloxane flexible spacers in th.e

main chain. These polymers also undern.'ent a phase transitions from the

glassy state directly to the liquid crystal states at their softening points.

Because the melting temperatures of the polyeste-s of the present stuny

were fairly high, microscopic and small angle light scattering studSies were

conducted at a room temperature or pclyr;er films preparEsr by quenchin-; h'.ir

melts at a temperature of abcut 40-C above the meitino point with ice-vitnr.

As seen in the photomicrographs of Figure 1, all of the liquid crystaI>'e

CHQ/BPA copolyester melts showed a marble texture (cnmomre Figures 1("w- ;h

l(b), and l(c)) 1 , and the 60 7H/40 B?4 copolyester of Hiure I showet ,iv

a very limited degree of birefrincence with large areas of an a,-Parently iso-

tropic phase as indicated by the dark areas in the m, crop:- tograpn . The

50 CHQ/50 57A copolyester revealed essentially no anisotropy and did not

transmit any cross-polarized light. In these samples, the occurrence of a

homeotropic alignment from the 60 CHQ/40 BPA and 50 CHQ/5 BPA copolyrers

resulting in darkness under cross-pclarizers is very unlikely. These observa-

tions Are in complete arrecr:ert with the oserved stir- palescence proer"ies

of these polymers as described abive. The same comparison was true for a!l

of the copolyesters investigate,.

Figure 2 shows the photomomicrographs of two other copolymers which are

characterized by a threaded Schlieren texture, a characteristic optical texture
. 16

of nematic mesophase 1 .

Small angle light scattering behavior of polymer films is also used

to obtain information on the morphological structure of polymers in the solid

state 17'18  Because it is known that H scattering with crossed polars i

V

infuecedbystrctra ansorop ad ~, caterngwih pralelpoar



17by the density fluctuation as well as structural anstoy ,only d v

scatterinq characteristics of the polymners were measured. The scattorir.g

patterns of some of' the polymers are Shcwn in Ficures 3 and 4. 1It car cr

be seen from these photographs that the intensity of the scattE-YeJ i

steadily decreased with the content of the nonlinear bisphenol un~its 4rn the

copolyesters and that it f'inally bec31re neglici.ble or completEly 'ri,,)fr

the compositions which are believed to form onily isotropic, non-liou> /-i

amorphous states. These observations are consistent witn th e results cb::ar-et

4iom the mcrosccnv study and fr:sm exriat f' their stir-G:adleuc:ercc1,.

A r45' crossed, fou-iea clover shape for the scatterinr patT~rn was nws:_-'ed.

ony for to hom-.nopolyrrdi'efomCQ while crcularly M.teti:

aziruthally independent scatterilng pattco;'rs w.ere ottallred For all, -,f tre o-.r'er

liquid crystal conosi cions. This result sucesm tat th sattrn eet

of these copolivesters are generalliy spherical in shaneo and have random ori e;-

tation correlations. In contrast, the homopolme fro Ch1p1enl a

superstructjre ccnsisting of rigid rod assemblies.

The small ancle 141ight scattering characteistc of various liquid states

of many low molecular weight coirpoundls and of som,.e polymers have tuee: l

ted 1- Even thougjh theeretic. interpretation of te scteig hnmna

by t(he 'iquid crystal mesophases requi res Much mor'e study, tis method cer-cainly

provides very usef,_l i 1nformation vinun the si~e of anisotropic doml~ains ar'e Ill

the range of the wavelJenrth of vis ible liaht or about 1000 10000 A'.>

demonstrated by us adohrs hsTc

directly the phase transition from the liquid crystal state to isotrcpic state

provided that tne transition temiperature is not too high and is below the de-

composition temperature of the polymers. For the present series ot polyester,



9

however, the transitions from the mesophase to the isotropic phase cculd not

be followed by this method because the polyme s undereient thermal decooosition

before the transition to the isotropic melt.

The wide angle x-ray diffraction patterns of the liquidv crystal stace

(quenched melt films) of some of the polymers examined were basically cire L °:e

as those expected for nematic states 2 3 . As shown in Figures, the difraccicy

pattern of the polymer melt of the 70 CHQ/?O OD? ccpolyester of Tabl: 4

hibited a broad and weak inner ring and a stronger diffuse ring at a lInrer

angle (2d = 20.30). The interplanar distance between parallel Polyme, S:r i. ;

in the nematic state as deduceco from thi-> value o' 2z, using T:he De

modification2 3 , 2 4 of the Sragg equation was 4.8 A' . Otner iUu;.i c:ystal

ccnposi iors Prepared in this invectigation, for exar.le tke CHQ/bPA courclysters

also sh, owed inzerplanar spacinas of approximately 4.7-5.0 A . In general.

inclusion of higher amounts of nonlinear bisphenol comonorrers tended to

increase the interp':nar ditance. Further x-ray studies of these polyirers

are in progress.

The vcli ',icsi; of a liquid cr"sca.

elt is kr, own t o be, in genera;, tuc cw,; -:r, t' e an !s so L ..

For polymer. cf the same molecular ieight. :n c n rscn ;,ork, the obnea",va-Ct f 5-4 If - r r --c 4- "iro a c
tien f r-opalescence of poly;,r melts beten ,,o mcroscope cover gs

on a Fisner-Johns melting point apparatus pcrritccd at least a hi nhly qlit -

tive conclusion that the liquid crystal melts w,;ere indeed much less visc.us

than the isotropic melts of nenliquid crystalline polymers, and movement of

the top microscope cover glass was m, uch easier with the liquid crystal melts

than with the isotropic melts. Further study on the melt rheology of these

polymers in relation to their structure and composition, which is presently
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in progress in this laboratory, is expect".d t. give a more detailed pic-,,z-e

on the relationship between melt behavior and polymer szructure.

Dependence of Liquid Crystallin i t y of Linear Arovatic Polyesters on

Structure.

By considering all the characteri zation results reported Kern fcr ,

hydroquinone copolyesters, we can arrive at scoce semi-qanti .-t _ c ,2 :

about the maximum or threshold amount of each of the bisphenci c-rI:n'e "

which can be incorporated into the copoly;;mers withc;:t complete O;5t.

of the liquid crystal nature of -,he resul tin co:,or y,,,,s-rs. ' n,.-th e;-z ,z-

of the tiphero copolymers (x :s a dTrect cov ond), all o , tr.a

copolymers consisted of random arrangements of linear chloro-p-,Ihenylea, tare-

phtnalate units (1) with non-linear estcr units (II) derived from the hi.-

sphenols and terephthalic acid.

The differences in the degree of non-1 ineari y or bending caused , -

presence of the middle substituents, x, between the two pherolic rings

the ti shenol nonoore , ,(rc al'I vi thin about a angle,n indica,.

the degree of molecular bencn: caused by these sustitL.uents was ar'ro' at*

the sme. The bond angles around the c...tr a'sns of the Substi ,uen s

from about 1050 to ilO0 C. The differences in relative sizes of the s u ;,,.t

however, were much greater, and it is to be expecten that the larger )r nuD

ke.g. - C(CH3)2 - and -SO2-) caused increased separation of the parallel
29,2

polymer chains to destabilize the nematic mesophase This expectation

was borne out by the observations made in the present study as summarized

in Table 11, which clearly shows that the greater the bulkiness of the middle

substituent in the bisphenol unit, the lower the threshold comonomer a'utLa~t



which could be accomncdzited irl the copol,/mer viitlicut conmp',teij' 11o

liquid crystalline characterisics.

The copolymers of C~iQ and RES were un ique i n, tha : z :

unit does not have a middle subs ti tucnt , as in b isphenolsr. is :

maintain the r4icidity of the polymer chain, 13u, its prescr:r-

ofl 120' along the backbone of the polvrer chain-, destiks/in:W--1

Again, this non-linearity is expected to reduce the prcr~ili l .

cf the polymer Tnai ns in the re;-ati c state and, hrey

stability of resophase. Copolyest Ers of '1/EA *$Tabie 9)

with otreo: bi :pheroi s (TaoW e 1,snowed.- L sim~ilar srou

their liq:Aid crysteli ri4ty or, Lhe type 2nd am'ounz o f theLij k

r-re ri z e d

Testereoco~try or s~iefil ing charicterilszics o! Ioye

cules and the bulkiness of substituents are considered -tc be tnt'I t;'h

icmportant fac hors in control ii nc the liquid crysta' line ohiraracterisci --,

thermctropic, lThqu-,d crystalline, arcma:'ic po iyesters irnvesti gateJ .'z

The electronic or polar clffects of the substi Cjenits on the liquic: cryst.

ort s as net c, clIe ar as t.1e s te r -c c T ect s and, 2e: to>

minior irco 'upariscr.

>XcFari ane and. cowork"ers st'udi4 ed tLhe tiherniotropic 1 iquic, cry .-t-

perties 'I- pol1yesters based on p-oxybenzoate modiif'id PET. T1hey aisc

corpordtled into, their pCymers various nonlinear b-.sphEnols , such '1- L

anoj SDP, as well. as non-linear d-!arboxylic acid, such as isophthalic

TheY fournd that the inclusion of 302 mole ^, ofl either SPA or SCP could !

pletely destroy the liquid crystallinity of the base polymer. Replacew'e"

of the linear p-oxybenzoate units with the equivalent noni-linear r-xc:~

units (which impart a bending angle of 1200 to the uackhone,' also led. Iu

P1 AGE~ 13 FJST QUALITI?A%&4Oe&M
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non-liquid crystalline or isotropic COmDOSt"o rs. These cservaticns were

also attributed to the changes in geometry of the polymer chains caused

by the presence of the non-linear comcrc,-er units. ., is to be expected

that the liquid crystallinity of p-oxyt enzcate-,ncdificd PET would be des-

troyed more easily by the presence of small amounts of ncn-linear bisphenols

than for the aromatic polyesters of the present study because p-oxybenzuate-

modified PET has non-mesogenic ethylene glycol units, which can also disrust

the mesophase.

C C,, LUS ICS

it has been demonstrated that the ther:rotropic iiqui crystalline ;:,-

perties of the aromatic polyesters derived from tererrthalic acid and eitner

methyl hydroqui none or chlorohydroquirone copolym crized with varying a;.mounts

of different bisphenols were greatly dependent upoi both the structure ard

amount of the non-linear comonorer units or "spacers". The non-linear ti-
sphenol spacers containing large or bulky central sutstituents between the

two pher.olic rings were found to be more effective in. destroying the liqlid

crystaI prunerties of the resul:;r g copolyester3 t:ian those vith smaller

substi tuents. Hence, it was conciuded that the r:eoi7retric and steric eflec.s

imparted to the polymer chain bckbones by the comono:,ers were the most

important controlling factors affecting the liquid crystallinity of the

aroatic copolyesters.

EXPERIMENTAL SEC , O0

.Preparation of Polyesters. All of the polyesters were prepared at room

temperature by the reaction of an aromatic diol mixture with terephthaloyl

chloride in a mixture of l,l,2,2-tetrachioroethane and pyridine. Detailed



procedures were described in an earlier paper-

Characterization cf PolymerS. inherent v scosi ties of polymers w,,ere deter-

mined using a Cannon-Ubbeihcde typev seetr The thermal properties

were measured under a nitrogen, atc,'.oscfere or, a Perkin-Elmer DSC-IE with'- a

heating rate of 20'0/rnin. The te-iperature of endosh-Ierrm max4;mum was taken as

the melting po-Int of the poiy:;:er-.

Visual observation c", stir apo,-,escence of poly;-er melts was ma.-e as

folow: sal amt~.Lofth ply;,:er sampl,,)e: was pl aced between t',%,-m e,,cra-

scope cover glasses on, a Fi sber-jc-vsmelti po-Int 3,,,aratus and hea -eC

rapidly to the wTelting ter.perature , which had beer. pre -cote rmined by DSC.

The heatina, rate was then reduced to about 2O'C/[m*in., ,and th ,e top cover

glass was moved back and forth with a micro-spatula winile the occurrence Of

stir-opalescence . as visually observed with a magnifying glass attached to

the apparatus. Continuous observations were made up to the decompositson

temperature of polym-ers.

For microscopy and small angle light scattoCring studiesasllmon

of the polymer sa':.pie ,.,as Placce te two mi crr~sc ,Pe cc '.'r glasses en a

Fisher-J2ohn; apparetus, wihhod been' preheat ed to a tem7poratuire of 4-C

above the polymer melting point. After the sdampio melte-d completely, e

mnelt was rapidly querched in an ice-water bath arid the sample was stored

at low temiperature. The th,,-ickness of the quenched n:( t films was generally

in the range of 10-25r-i . The optical texture. of the samples was Studied

using a microscope (Leitz, Ortholus model) equipped with a pair of cross-

polarizers. The small angle light scattering characteristics of the samples

were examined by a He-Nle (x = 6328 A") laser fitted with a red filter on

an optical bench with a pair of cross-polarizers. The scattering pattern
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was photographed usin,; Polarnid type 52 or 5'.Y films. A 1 mmi pinhole

was p1 iced I-ehinc! the s~;p.Tne saipl e to f i I r; d " s tance wa s 32 --35 cm-,.

Sampl es for x-ray inal isi s were prepared i n a d41F ferent manner.

polymner powder (about 0.5g) ,-as spread insidoe a hoat made of aluminum

foil coated with polyetrafiluoroethyl ene (du Pont TePflon ) and the boat

was floated on a salt Lath, wdlich was orehcted tc about 50"C above the

melting temperaturt- of the PolITer. When the sam-,ple via.; completely melted,

the boat was ren'cved from the bath while l iquid nitroccn ,,as coured intc

it. The quenched polyimer espressed at a rcorcm te2mperature into a thin

(-0.5mm.) round pellet, which ..as used for x-ray analysis at room tempera-

ture. The original1 polly'er po*,'dcers were also precce,_d into thin pellets

for x-ray analysis. The pelletized samnples were affixcsd to the sample

holder in an x-ray machine for a 15 to 30 hour exposure.

AC KNO'WLEDG'EMEN7

The authors are grateful to t he Office of Naval Research and to the

NSF-sponsored "laterials Research La3toratory for the support of this work.

The aithors are also crate'ul to Dr. S. Antoun for hCIs help in the measure-

ment cof melt-ing points and viscosities of the polymers and to Dr. C. Crosby

for the measurement of m,-olecular woeight of one sample by the light scattering

method.



15

REFERENCES

1. P.W. Morgan, ;.crowulecues, 10(6) , 1 1 ( ,97 ).

2. S.L. Kwolek, P.W. Morgan, J.R. Schaefen ,. ; L.W. GuIrich,
Macromolecules, 10(5), 139C (1977>

3. T.I. Bair, P.W. Morgan, and F.L. Killian, Macromolecuies, 10(6),

1396 (1977).

4. M. Panar and L.F. Beste, Macromolecules, 10(), 1401 (i977).

5. W.J. Jackson and H.F. Kuhfuss, J. Polymer Sc:i . Polymer Chem. Ed. A4
2043 (1976).

6. F.E. McFarlane, V.A. Nicely, and T.G. Davis, "Contemporary Tozics :n
Polymer Science, Vol. 2'", E. M. Pearce and ..R. Scnaefcen, Eds.,
Plenum Press, New York, 1977, p. 109iff.

7. J.j. Kleinschuster, T.C.PlcTcher, and J.R. Schaefcen, Beiium Patent
828935 and 823936 (1976).

8. S.P. Papkov, V.G. Kulichikhin, and V.D. Kalriykova, J. Polymer Sci.,

Polymer Phys. Ed., 12, 1753 (1974).

9. J-1. Cin, S. Antoun, C. Ober, and R.',. Lenz, Brit. Polym. J., In press.

10. R.D. Howells and J.D. McCown, Chem. Revs., 77, 69 (1977).

11. H. Sackmain and D. Demus, MCI. Cry:st. Liq. Cryst., 21, 239 (1973).

12. G.W. Gray, "Molecular Structure and Properties of Liquid Crystals, '

Academic Press, New; York, N.Y. 1962

13. A. Sa, pe, Angew. Chem., Int. Ed. Engl., 7, 97 (19E8).

14. J.A. Castcliano and C.H. Srown, Chem. Techno., 4/>52, 229-235 (1973).

15. C. Aguilera, H. Ringsdorf, A. Scnreller, and R. Zenter, i;PAC, Macro
Florence, Preprines, 3, 306 (1980).

16. G.W. Gray and P.A. Winsor, £ds., "Liquid Crystals and Plastic Crystals,
Vol. I", Ellis Horniood Ltd., London, 1974, p. 26.

17. R.S. Stein, "Structure and Properties of Polymer Films", R.W. Lenz
and R.S. Stein, Eds., Plenum Press, New York, 19 3 p.lff.

18. M.B. Rhodes and R.S. Stein, J. Polymer Sci., A-2(7)_, 1539 (1969).

19. G.L. Wilkes and B.T. Vu, Reference 17, p. 39.



16

20. A. Takase, S. Sakagami, and M. Nakazime, Mol. Cryst. Liq. Cryst.,
22, 67 (1973).

21. M.B. Rhodes, R.S. Porter, W. Chu, and R.S. Stein, 'viol. Cryst. Liq.
Cryst., 10, 295 (1970).

22. R.W. Lenz, J-i. Jin, and S. Antoun, Unpublished results.

23. A. deVries, Mol. Cryst. Liq. Cryst., 10, 31 and 219 (1970).

24. S.B. Clough and A. Blumsteir, "Mesomerphic Order in Polymers and
Polymerization in Liquid Crystalline M.edia", A. Blun;stein Ed., ACS
Symp. Ser. Vol. 74, American Chemical Society, Washington, D.C.,
1978, p. Iff.

25. G.W. Gray and P.A. 'Wlinsor, Eds. , "Liquid Crystals and Plastic Crystals,
Vol .", Ellis Hotrood Ltd., London 1974, hapt-- 4.1 (pp. 103-151).

N . . . .



11

TABLE 1. Types and Amounts of 3isphenol Monomers
Used to Prepare Aromatic Copolyesters:

HO- KD- X ("-- H

Composition Rae,
X Aboreviaticn mole%

-C(CH 3 )2- BPAI 0 - 50

-CH2 - BPM 2  30 - 70

-0- ODF3  30 - 70

-S- TP 4  30 - 60

-SO2 - CP 15 - 60

EP - 30 - 70

-7RES 15 70

1. Bisphenol A 2. Bis(4-hydrcxyphenyl) methane 3. 4,4"-Oxydiphenol

4. 4,4'-Thiodiphenl 5. 4,4'-Sulfonyldipherol 6. Bipherol

7. Resorcinol

TABLE 2. Syntesis and I-operties of 1Q3pA, Coyesters

Monomer/.,ces Yield, PoMyPer Stir-
CHQ./3PA el.. Chlorine Content, wt' qinh* MOPp,Cs ce

Calcd. Found Opalescence

1C0/0 97.6 12.9 12.9 0.384 340 very strong

90/1I0 98.9 11.3 11.5 0.453 347 very strong

70/30 92.9 8.30 8.40 0.638 336 weak

60/40 93.0 6.92 7.06 0.566 - very weak

50/50 92.3 5.61 5.67 0.584 - none

Measured for solutions in p-chlorophenol at 45'C, except for the first polymer
which was measured in trifluoronethanesulfonic acid at 300 C.

. . . . . . . .
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TABLE 3. Synthesis and Proporties o' GHQW/XB opolyesters

Monomers/moles Yield, , Stir-
CHQ/BPM wt.% inh M.P.°C Opalescence

70/30 98.3 0.630 304 very strong

50/50 97.1 o1.407 304 strong

40/60 92.5 0.433 296 strong

30/70 96.7 0.718 - none

Measure for solutions in p-chlorophenol at 45 C.

TABLE 4. Synthesis and Properties of CHQ/ODP Copolyesters

Monoer/4-,o e Yield, * Stir-
CHQ/ODP wt.', ninn M.P.,0C Opalescence

70/30 95.4 0.433 29S very strong

50/50 97.8 0.484 327 strong

40/60 95.9 0.401 330 strong

30/70 94.0 0.395 389 weak

Measured for solutions in p-chlorophenol at 45°C

TABLE 5. Synthesis and Properties of CHQ/TDP Copolyesters

, °C Stir-

Monomers/mole Yield nin h* M.P.. Opalescence
CHQ/TDP wt.%nC

70/30 98.3 0.503 314 strong

50/50 97.2 0.709 339 strong

40/60 99.0 0.655 348 weak

Measured for soluticns in p-chlcrophenol a* 45'C.
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TABLE 6. Synthesis and Propercies c' C'Q/SDP Copolyesters

Monomer/mole Yield, T)inh* Stir-
CHQ/SDP wt.% M.P.,"C. Opalescence

68/15 99.8 - 334 very strong

70/30 98.0 0.439 342 stronc

60/40 96.6 0.479 376 strong

50/50 91.9 0.315 367 ,;eak

40/60 98.3 0.440 - none

Measured for solutions in p-chlorophenc- at 45CC.

TABLE 7. Syntnesis and Properties of C Q/B? Copolyesters

Monomer/mole Yield, Stir-

CqQiBP wt. I in* M.P., 0C Opalescence

70/30 99.3 0.107 340 strong

50/50 99.1 0.163 354 strong

30/70 99.3 0.224 390 strong

Measured for solutions in triflucrore-hanesuitonic acid at 30'C; it is

possible tha: these polymers unlerwent hydrolysis during characterization.

TABLE 6. Synthesis and Properties of ChQ/RES Copolyesters

Monomer,mole Yield, "inh* Stir-

CHQ/RES wt.% M.P.,0C Opalescence

85/15 97.7 - 334 very strong

70/30 98.0 0.363 230 very strong

50/50 98.2 0.422 strong

40/60 99.4 0.476 - weak

30/70 99.4 0.390 337 none
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TABLE 9. Synthcsis and Prope ries of ;' HQ/'rA Copolyesters

Monomer,mole Yields i Stir-

MH.Q/BPA wt.% M.P.,°C Opalescence

100/0 96.2 - 371 very str-cr

85/15 95.9 0.491 369 strong

70/3 96.4 0.604 - .- ,e

50/50 92.7 0.496 ncn

Measured for solutions in 60 phencl/40 tetrachloroetha-e (v,/w) at 3 C.

TABLE 10. Synthesis and Properties of
50 t;Q/50 Bisphenol (moles) Copolyesters

Bisphenol Yield, ninh .2  x.P.,°C Stir-
wt. Opalescence

BPA 92.7 0.493 - none

BPr1 98.5 0.670 289 stron.o

ODP 92.8 0.524 350 strong

TDP 88.0 0.410 334 strong

SDP 94.3 0.535 354 weak

DBP*1  94.3 0.4330 399 strong

EP 98.6 - - strong

1. 4,4'-dihydroxybenzophenone, X is -GO-

*2. Measured for solutions in p-chlorophenol at 450C except for the BPA

copolyester, which was measured for a solution in 60 phenol/40

tetrachloroethane t w/w) mixture at 30'C.

7
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TABLE 11. Maximu)Lm Aw~ount of Each Gi phencl Which Could be
Copolymerized 'Aithout Complete Destruction of the
Liquid Crystallinity of the CHQ Copolyester.

Bispheol Maximun Am-,ount,
mole

8 PA 40

SDOP 50
0 PM 60
TDP 60
RE S 60

OP 70
SP 100

J." j1
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Figure 2. Photoi crocrar,,'s of t('Ifco >i 7 00 C :: 02 an
70 CHQ/32 B Copolyesters(2a apl.. o
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Fi gUro 4. Small1 Angl1e Light (1 V) Sci ttei n i P ttrsOf

CHQ/SlPP Copolyester s
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Figure 5. Wide Angle ;(-Ray Di ffraction Patterns of

70 CHQ/20, ON Copolyester
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